The principal defining feature of Alzheimer's disease (AD) is memory impairment. As the transcription factor CREB (cAMP/Ca 2 + responsive element-binding protein) is critical for memory formation across species, we investigated the role of CREB in a mouse model of AD. We found that TgCRND8 mice exhibit a profound impairment in the ability to form a spatial memory, a process that critically relies on the dorsal hippocampus. Perhaps contributing to this memory deficit, we observed additional deficits in the dorsal hippocampus of TgCRND8 mice in terms of (1) biochemistry (decreased CREB activation in the CA1 region), (2) neuronal structure (decreased spine density and dendritic complexity of CA1 pyramidal neurons), and (3) neuronal network activity (decreased arc mRNA levels following behavioral training). Locally and acutely increasing CREB function in the CA1 region of dorsal hippocampus of TgCRND8 mice was sufficient to restore function in each of these key domains (biochemistry, neuronal structure, network activity, and most importantly, memory formation). The rescue produced by increasing CREB was specific both anatomically and behaviorally and independent of plaque load or Ab levels. Interestingly, humans with AD show poor spatial memory/navigation and AD brains have disrupted (1) CREB activation, and (2) spine density and dendritic complexity in hippocampal CA1 pyramidal neurons. These parallel findings not only confirm that TgCRND8 mice accurately model key aspects of human AD, but furthermore, suggest the intriguing possibility that targeting CREB may be a useful therapeutic strategy in treating humans with AD.
INTRODUCTION
Alzheimer's disease (AD) is the most common form of dementia in the aging population. Although the precise molecular precursors of AD remain elusive, the majority of evidence indicates that b-amyloid (Ab) has a key role in AD pathogenesis (Price et al, 1998; Mucke et al, 2000; Tanzi and Bertram, 2001; Hardy and Selkoe, 2002; Zhang et al, 2011) . Ab is formed by the sequential cleavage of amyloid precursor protein (APP) by b-and g-secretases (Kang et al, 1987; Goate et al, 1991; Rossner et al, 1998; Selkoe, 1998; Mills and Reiner, 1999) . Mutations in the genes encoding APP or presenilins (proteins that form part of the g-secretase complex) increase Ab levels (Citron et al, 1992 (Citron et al, , 1997 Cai et al, 1993; Suzuki et al, 1994) and are thought to cause familial forms of AD (Price et al, 1998; Hardy and Selkoe, 2002) . Although increased levels of Ab may eventually trigger cell death, memory impairment is often observed in AD patients before frank neurodegeneration (Cullen et al, 1997; Itoh et al, 1999; Selkoe, 2002; Vitolo et al, 2002) . These findings suggest that high levels of Ab negatively impact the molecular mechanisms required for normal memory formation.
CREB (cAMP/Ca 2 + responsive element-binding protein) is a transcription factor that is critical for memory formation across a wide range of species (Dash et al, 1990; number of connections ('hubness') of a gene and its 'essentialness' to a small-world network (Jeong et al, 2001) , suggesting that disruption of CREB function is central to AD pathology. Third, exogenous application of oligomeric Ab (Ab 1-42 ) blocks CREB function in cultured neurons, hippocampal slices and in vivo (Tong et al, 2001; Vitolo et al, 2002; Tong et al, 2004; Snyder et al, 2005; Garzon and Fahnestock, 2007; Spires-Jones et al, 2007) . Similarly, expressing human genes encoding APP with familial AD mutations both increases Ab levels and decreases CREB function in cultured cells (Ikezu et al, 1996; Arvanitis et al, 2007) and transgenic mice (Gong et al, 2004; Caccamo et al, 2011) . Together, these diverse findings from both AD patients and various experimental preparations converge to suggest that the memory deficits observed in humans with AD may stem from decreased CREB function. Furthermore, these results suggest that directly increasing CREB function in brain regions important for memory may alleviate some of the memory deficits in AD patients.
Here, we directly tested whether increasing CREB function rescues the memory deficits observed in a transgenic mouse model of AD (TgCRND8 (Tg)). Importantly, these Tg mice show both decreased CREB function in the CA1 region of dorsal hippocampus, a region important for spatial memory, and profound deficits in the ability to form a spatial memory. We found that locally and acutely increasing CREB function specifically in the CA1 region of dorsal hippocampus was sufficient to rescue the spatial memory deficits of Tg mice, independent of changes in Ab levels or plaque load. Together, these data show that disrupted CREB function in the CA1 region of dorsal hippocampus is a key regulator of the spatial memory impairment in a mouse model of AD and may have important implications for guiding the development of novel treatments for AD patients.
SUBJECTS AND METHODS

Mice
Tg mice express a human b APP 695 transgene with both the Swedish (K670N-M671 L) and Indiana (V717F) familial AD mutations under the regulation of the Syrian hamster prion promoter (PrP) (Chishti et al, 2001 ) and were obtained from Dr David Westaway (University of Alberta, Canada). Tg mice were maintained in a 129S6/SvEvTac genetic background and crossed with wild-type (WT) C57BL/6NTac mice to produce F1 hybrid experimental mice. Tg and WT littermate control mice (an equal number of males and females) were 10 weeks old at the start of all experiments. For the aCaMKII experiment, we used adult mice with a deletion in exon 2 of aCaMKII (aCaMKIID À/À ), which results in a null mutation of aCaMKII protein (Elgersma et al, 2002) . aCaMKIID À/À and WT littermate controls were the F2 offspring of heterozygous mice (F1s were 50% C57BL/6NTac and 50% 129S6/SvEvTac). All mice were group housed (3-5 mice per cage) on a 12 h light-dark cycle. Behavioral experiments were conducted during the light phase. Food and water were available ad libitum. Procedures were approved by the Hospital for Sick Children Animal Care and Use Committee.
Immunocytochemistry pCREB. To assess CREB function, we examined levels of pCREB (phosphorylated at Ser133) (Impey et al, 1998; Desmedt et al, 2003) . Tg and WT mice were handled for 7 consecutive days and randomly assigned to the following behavioral treatment conditions; (1) homecage, (2) novel context exposure, and (3) watermaze probe test. Mice in the homecage condition were taken directly from their homecages. Mice in the novel context exploration condition were placed in a novel chamber and allowed to explore for 5 min, while mice in the watermaze probe condition were trained and tested in a watermaze (see below).
At 30 min following behavioral manipulation, mice were perfused transcardially with 4% paraformaldehyde. Brains were sliced coronally (50 mm) and prepared for immunocytochemistry using anti-pCREB rabbit polyclonal (06-519; 1 : 1000, Upstate Cell Signaling Solutions, NY) as a primary antibody and biotinylated goat anti-rabbit antibody (111-065-144; 1 : 1000, Jackson ImmunoResearch, West Grove, PA) as a secondary antibody. Staining was visualized using avidin-biotin peroxidase (Vector Laboratories, Burlingame, CA) coupled to diaminobenzidine (DAB) (Sigma-Aldrich, St Louis, MO). No staining was detected in the absence of primary or secondary antibodies. All sections were processed and imaged in parallel under identical conditions. The dorsal hippocampus was imaged using a microscope (Nikon Eclipse 80i) with a 10 Â objective. Two experimenters unaware of the treatment condition or genotype used Image J software (NIH) to quantify the number of pCREB + nuclei (Han et al, 2008) . The total number of pCREB + cells in the CA1 and CA3 regions of dorsal hippocampus (as defined by Paxinos and Franklin, 2001 ) was quantified bilaterally from at least six sections from comparable anteroposterior levels from each mouse. The density of pCREB + nuclei (per 0.1 mm 2 of tissue) was calculated per mouse and averaged for each group. We also examined levels of pCREB + nuclei in the dentate gyrus (DG) (Supplementary Figures S1a and S1b) and levels of overall CREB (both phosphorylated and nonphosphorylated, tCREB) protein in the CA1 region (Supplementary Figures S1c and S1d).
Plaques
Coronal brain sections (50 mm) from Tg and WT littermate mice were treated with 1% hydrogen peroxide in 100% methanol (15 min), followed by 96% formic acid (10 min). Plaques were stained with mouse anti-Ab-6E10 primary antibody (SIG-39320; 1 : 500, Covance, Emeryville, CA) followed by a biotinylated donkey anti-mouse secondary antibody (715-066-151; 1 : 500, Jackson ImmunoResearch) and visualized using avidin-biotin peroxidase coupled to DAB, as above. The number of plaques was manually counted in the dorsal hippocampus and frontal cortex by two observers unaware of the treatment condition. To examine total plaque volume (plaque burden) in the dorsal hippocampus and frontal cortex, the planar rotator probe of Stereo Investigator software (MBF) was used. Outlines of the dorsal hippocampus or frontal cortex were traced (over at least six brain sections per mouse) and the entire surface area was scanned using the 'meander scan' function to locate and measure plaque volume. To estimate plaque volume, the edges of each amyloid plaque were marked with the planar rotator probe. The total plaque volume was divided by the volume of the brain structure (dorsal hippocampus or frontal cortex) to calculate the percentage of volume occupied by plaques.
Western Blot for Total and Phosphorylated CREB Protein
At 30 min after exposure to a novel context, dorsal hippocampal tissue from Tg and WT mice was isolated and homogenized in cell lysis buffer (50 mM Tris, 0.25 M sucrose, 25 mM KCl, 5 mM MgCl 2 with protease and phosphatase inhibitors). Protein concentrations of homogenates were determined and samples were resuspended in buffer (100 mM Tris-Cl, pH 6.8, 200 mM DTT, 4% SDS, 20% glycerol, and 0.2% bromophenol blue). Homogenates were separated by SDS-polyacrylamide gel electrophoresis and electroblotted onto PVDF transfer membranes for western blotting. Two separate gels examined pCREB and tCREB protein levels, respectively. Membranes were blocked for 1 h in 5% skimmed milk in TBS and incubated overnight at 4 1C with primary antibodies in 1% skimmed milk in TBS. Rabbit anti-pCREB (06-519; 1 : 1000; Upstate Cell Signaling, as above), which recognizes CREB protein that is phosphorylated at Ser133, and mouse anti-CREB (MAB5432; 1 : 2000, Chemicon International), which recognizes total CREB protein were used. An antibody against glyceraldehyde-3-phosphate (GAPDH) (MA 2118; 1 : 10 000, Cell Signaling Technologies, Danvers, MA) was used as an internal loading control for both blots. Following overnight incubation, membranes were washed with TBS, 0.1% Tween-20 for 10 min and incubated for 1 to 2 h at room temperature with an HRP-conjugated species-specific secondary antibody. Bands were visualized by exposure of the membranes to film following treatment with Enhanced Chemiluminescence Western Blotting Analysis System (GE Healthcare). The optical intensity of the bands associated with pCREB, tCREB was measured relative to their respective GAPDH bands on the same blot using Image J. Total pCREB density was averaged over GAPDH band intensity, in order to rule out variances in band density between blots.
Fluorescent In Situ Hybridization (FISH)
Cellular compartment analysis of temporal activity by fluorescent in situ hybridization (or catFISH) for arc mRNA was performed as described previously (Guzowski et al, 1999; Han et al, 2007) . Brains were removed 5 min following the watermaze probe test or from homecage mice, rapidly dissected and stored at À801C. Coronal sections (20 mm) were cut and thaw-mounted on slides, such that each slide contained sections from different treatment conditions (watermaze and homecage) and genotypes (Tg and WT). Digoxigenin-labeled arc antisense and sense riboprobes were generated. Arc riboprobes were hybridized with tissue overnight. The digoxigenin-labeled arc riboprobe was detected with anti-digoxigenin-HRP conjugate and visualized using a cyanine-5 (Cy5) substrate kit. Nuclei were counterstained with DAPI. Sections were viewed on a confocal microscope (Zeiss LSM710) and image stacks from the CA1 region of dorsal hippocampus were collected at 1 mm intervals using a 40 Â objective. Laser and PMT settings were optimized for the detection of arc for each slide, but kept constant for all images acquired from the same slide. As the dynamics of arc transcription in the DG are different (Chawla et al, 2005; Ramirez-Amaya et al, 2005) , we restricted our analysis to the CA1 region of dorsal hippocampus.
Manual cell counts were performed by two observers unaware of the treatment condition or genotype of the mouse. Small, bright uniformly DAPI-stained nuclei (o5 mm in diameter) from putative glial cells were not counted. All other whole nuclei cells (putative neurons) in the field of view within the CA1 region were counted. Two to four slides were analyzed for each mouse. 
HSV Vectors
For these experiments, we used two CREB vectors. For the behavioral studies, we subcloned CREB cDNA into the HSV amplicon, HSV-PrpUC, as previously described (Han et al, 2007 (Han et al, , 2008 (Han et al, , 2009 . To visualize transgene expression, GFP was fused to the 5 0 end of CREB cDNA. Previous studies established that tagging CREB with GFP does not interfere with the functional activity of CREB (Chao et al, 2002) . Transgene expression was regulated by the constitutive promoter for the HSV immediate-early gene IE 4/5. In this CREB vector, therefore, CREB and GFP are fused and GFP is predominantly localized to the nucleus. As a control, GFP cDNA was similarly subcloned into the HSV-PrpUC backbone.
To visualize dendritic architecture and spines, we constructed two additional viral vectors using the pHSVp1005 amplicon backbone (Clark et al, 2002; Russo et al, 2009) . In this bi-cistronic vector, CREB and GFP are not fused (CREB expression is driven by the HSV immediateearly gene IE4/5 as above and GFP expression is driven by a separate CMV promoter) (Supplementary Figure S8a) . This allows infected cells to be filled by GFP. As a control for this vector, we used the pHSV-p1005 amplicon (that lacks CREB cDNA but expresses GFP under the same CMV promoter). Although the CMV promoter contains several CRE elements, we found no difference in GFP expression between p1005-CREB and p1005 amplicons (see Supplementary Figures S8b and S8c) .
All virus was packaged using a replication-defective helper virus as previously described (Carlezon et al, 2000; Carlezon and Neve, 2003; Han et al, 2007 Han et al, , 2008 Han et al, , 2009 ) and purified on a sucrose gradient, pelleted and resuspended in 10% sucrose. The average titer of the recombinant virus stocks was typically 4.0 Â 10 7 infectious units/ml. Previous studies indicate that microinjection of either CREB vector increased both CREB levels and CREB function (CREmediated transcription) (Barrot et al, 2002; Olson et al, 2005) .
Surgery
Mice were pretreated with atropine sulfate (0.1 mg/kg, i.p.), anesthetized with chloral hydrate (400 mg/kg, i.p.) and placed in a stereotaxic frame. The skin was retracted and holes drilled in the skull bilaterally above the dorsal hippocampus (AP ¼ À1.5, ML ¼ ±2.25, V ¼ À1.75 mm from bregma) according to (Paxinos and Franklin, 2001) . Bilateral microinjections of the vectors (2.0 ml) were delivered through glass micropipettes into the CA1 region over 20 min. Micropipettes were left in place an additional 10 min to ensure diffusion of the vector. As transgene expression using this viral system typically peaks 3 days following surgery (Barrot et al, 2002) , we trained mice 1 day following surgery for 3 days in all experiments. We previously found that mice microinjected with GFP vector are able to form a robust spatial memory using this protocol (Sekeres et al, 2010) .
Histology
An experimenter unaware of the behavioral data, vector microinjected or genotype of the mouse assessed placement and extent of viral infection for each mouse using GFPfluorescence. Four days following vector microinjection, mice were perfused with 4% paraformaldehyde. Brains were sliced coronally (50 mm). Mice were classified as 'hits' and included in the subsequent data analysis if they had robust bilateral transgene expression in the CA1 region of dorsal hippocampus (see Supplementary Figure S7 ). Some mice showed no GFP expression in the CA1 region, but robust expression in the DG. The data from these mice were analyzed separately (Figures 3a-c) . See Supplementary section for details of virus spread and quantification of number of neurons infected.
Watermaze Training and Spatial Memory Testing
The circular watermaze tank (120 cm diameter, 50 cm deep) was located in a dimly lit room (see Teixeira et al, 2006; Maei et al, 2009) . The pool was filled to a depth of 40 cm with water made opaque by nontoxic white paint. Water temperature was maintained at 28±1 1C. A circular escape platform (10 cm diameter) was submerged 0.5 cm below the water surface and located in a fixed position throughout training. The pool was surrounded by white curtains painted with distinct cues, 1 m from the pool perimeter.
Before training, mice were handled for 2 min/day for 1 week. Mice received two blocks of three trials per day, for 3 days. Each trial lasted a maximum of 60 s. To begin each trial, mice were placed in the pool, facing the wall in one of four start locations (varied pseudo randomly). The trial was complete once the mouse found the platform or 60 s had elapsed. If the mouse failed to find the platform on any trial, the experimenter guided the mouse onto the platform. After each training trial, the mouse was allowed 15 s on top of the platform. At 60 min after the final training trial, spatial memory was assessed in a probe test during which the platform was removed from the pool and the mouse allowed to search for 60 s. It should be noted that using this robust training protocol we did not observe a memory enhancement in WT littermate mice microinjected with CREB vector, perhaps because these mice were already performing at ceiling levels.
Behavioral data from the training and probe trials were acquired and analyzed using an automated tracking system (Actimetrics, Wilmette, IL). For the training data, we analyzed the escape latency, swim speed, distance travelled, and thigmotaxis (the degree to which animals spend time in the perimeter of the pool) (see Supplementary section for details). In the probe test, our primary measure was the amount of time mice spent in the target zone (20 cm radius, centered on the location of the platform during training; 11% of the pool surface, see Figure 1a ) vs the average time spent in the three other equivalently sized zones located in the other quadrants of the pool (Moser et al, 1993; Moser and Moser, 1998; de Hoz et al, 2004) . The analysis of the time spent in the target zone has previously been shown to be a highly sensitive measure of spatial memory (Maei et al, 2009; Moser and Moser, 1998) . In addition, we measured the swim speed, thigmotaxis, time in all four zones, and time in four quadrants (see Supplementary section for details).
Statistical Analysis of Watermaze Data
To analyze the data from the watermaze probe test, we used an analysis of variance (ANOVA). First, we quantified spatial bias by comparing the time spent in the target zone vs the average time spent in equivalent and equally sized zones in the other three quadrants of the pool using Figure 1 TgCRND8 mice show profound deficits in the ability to form a spatial memory and decreased CREB activity in the CA1 region of dorsal hippocampus. (a) Spatial memory in the probe test conducted after watermaze training was quantified by comparing the amount of time mice spent in the target (T) zone (20 cm radius, centered on the location of the platform during training; 11% of the pool surface) vs the average time spent in the three other (O) equivalently sized zones in the other quadrants areas of the pool (Maei et al, 2009) . (b) Tg mice show deficits in the ability to form a spatial memory. WT littermate control mice (n ¼ 13) spent more time in the T zone compared with O zones of the pool, indicating the formation of spatial memory. However, Tg mice (n ¼ 9) did not form a spatial memory (mice searched T and O zones equally). Data in all graphs are mean±SEM. (c) Density plot for grouped data showing where WT and Tg mice concentrated their searches during the probe test. During training, the platform was located in the southeast zone of the pool (indicated by dotted circle). Color scale represents time spent per mouse per 5 Â 5 cm 2 area of the pool. As can be observed in this plot, WT mice concentrated their searches near the former platform location whereas Tg mice do not. (d) Tg mice have impaired CREB activation (pCREB) in the CA1 region of dorsal hippocampus following three different behavioral treatments. Photomicrographs of brains from WT and Tg mice either taken from the homecage (HC, top), exposed to a novel context (CX, middle) or trained and tested in the watermaze (WM, bottom). Low power examples of the entire dorsal hippocampus (left), and higher magnification images of the CA1 and CA3 regions of dorsal hippocampus (right). Images are quantified in (e) and (f). (e) The density of pCREB + nuclei (per 100 mm 2 tissue) from the CA1 region of dorsal hippocampus is lower in Tg mice than WT mice, across behavioral treatments (HC WT n ¼ 4, Tg n ¼ 4; CX WT n ¼ 7, Tg n ¼ 7; WM WT n ¼ 9, Tg n ¼ 9). (f) There is no difference in the density of pCREB an ANOVA with a between-subjects variable Vector and within-subjects variable Zone (Target, Others). This ANOVA asked whether each group searched selectively in the Target zone (acquired a spatial memory). Next, we directly compared the time spent in the target zone between groups using a one-way ANOVA. This analysis compared the degree of spatial memory across groups. Significant interactions or main effects were further analyzed using Newman-Keuls post hoc tests. The alpha value for all statistics held at 0.05.
Dendrite Complexity and Spine Analysis
Dendritic complexity and spine density of neurons infected by GFP or CREB (p1005) vectors were examined using GFP expression (see Supplementary Figure S8 ). We amplified the GFP signal using an antibody directed against GFP and DAB as a chromagen to visualize dendrites and dendritic spines using a light microscope. We chose this method because it prolongs the GFP signal, such that we could trace the entire cell and all its processes in the field of view (rather than dendritic segments) while avoiding potential photobleaching. Specifically, we used an anti-GFP primary rabbit polyclonal antibody (A11122; 1 : 1500, Invitrogen, Carlsbad, CA) and a biotinylated goat anti-rabbit secondary antibody (1 : 1000, Jackson ImmunoResearch). GFP + pyramidal neurons in the CA1 region of dorsal hippocampus were imaged using a 100 Â oil-immersion lens on a motorized microscope (Olympus BX61). First, we confirmed that our microinjections in the dorsal hippocampal CA1 region infected only pyramidal neurons by examining morphology. Infected cells had a triangular cell body located in the stratum pyramidale of the hippocampus with apical dendrites extending through the stratum radiatum, and stratum lacunosum-moleculare layer above the DG and basal dendrites extending into the stratum oriens, consistent with the characteristic morphology of a pyramidal neuron (Bannister and Larkman, 1995) . The entire visible neuron (including cell body, apical and basal dendritic trees and all visible spines) was traced using Neurolucida software (MBF). Neurons were chosen for tracing based on their morphology (consistent with a pyramidal neuron), location (CA1 region of dorsal hippocampus), isolation (such that non-overlapping dendrites could be imaged), and general appearance (no obvious dendritic truncations).
Spines were defined according to Feldman and Dowd (1975) and included all protrusions that were in direct contact with the dendritic shaft. As this method has been shown to produce reliable results (Horner and Arbuthnott, 1991) , we did not introduce a correction factor for hidden spines. For apical dendrites, dendritic spines at least 60 mm from the soma were counted and for basal dendrites, spines at least 20 mm from the soma were counted. Overall spine density was calculated per dendrite by dividing the total number of spines by the dendritic length and presented by averaging overall spine density per mouse on the apical and basal dendrites. The total number of spines, dendrites, and neurons counted for each group was as follows; WT-GFP (35 465 spines from 1051 dendrites from 14 neurons from n ¼ 7 mice) and WT-CREB (41 397 spines from 1291 dendrites from 12 neurons from n ¼ 6 mice), Tg-GFP (17 542 spines from 710 dendrites from 14 neurons from n ¼ 7 mice), and Tg-CREB (26 080 spines from 924 dendrites from 10 neurons from n ¼ 5 mice).
Statistical Analysis of Dendritic Architecture Data
To analyze dendritic complexity, we performed separate Group (WT-GFP, WT-CREB, Tg-GFP, and Tg-CREB) ANOVAs on (1) the number of intersections, (2) the dendritic length, and (3) the number of nodes, for basal and apical dendrites, respectively. To further evaluate significant differences, post hoc Newman-Keuls tests were used.
RESULTS
Tg Mice Show Profound Deficits in the Ability to Form a Spatial Memory
Allocentric spatial memory refers to the ability to represent spatial location independently of body orientation (O'Keefe and Nadel, 1978) . AD patients have deficits in this type of spatial memory and navigation, even in the early stages of the disease (Henderson et al, 1989; deIpolyi et al, 2007; Jheng and Pai, 2009 ). To examine whether Tg mice are similarly impaired in an analogous form of spatial memory, we used the watermaze. In this task, mice learn to locate a platform hidden in a pool of opaque water using the distal cues around the pool for orientation, thereby mimicking real-world allocentric spatial memory and navigation (Ohta et al, 1981; Caplan and Lipman, 1995; Moffat et al, 2001) .
We trained Tg and WT littermate control mice in the watermaze. At the end of training, we assessed whether mice had formed a spatial memory during a probe test during which the platform was removed from the pool (Figure 1a) . During the probe test, WT mice spent more time in the area of the pool in which the platform was located during training (target zone (T), 20 cm radius circular zone centered on the former platform location) than in the other (O) equally sized areas of the pool, while Tg mice failed to selectively search in the target zone (Figures 1b  and c) . A Genotype (WT, Tg) Â Zone (T, O) ANOVA revealed a significant interaction (F 1,20 ¼ 40.58; po0.001), as well as significant main effects of Zone (F 1,20 ¼ 81.36; po0.001) and Genotype (F 1,20 ¼ 27.68; po0.001) alone. Post hoc comparisons showed that while WT mice searched selectively in the T zone, Tg mice showed no such preference. This interpretation was confirmed by an ANOVA specifically comparing time spent in T zone between Genotypes (F 1,20 ¼ 36.99; po0.001). Therefore, Tg mice show profound deficits in the ability to form of a spatial memory.
This finding agrees with previous results using this (Chishti et al, 2001; Hyde et al, 2005) and other lines of transgenic mice developed to model human AD (including PDAPP mice (Chen et al, 2000) , Tg2576 mice (Hsiao et al, 1996; Lesne et al, 2006) , APP/PSEN1 bigenic mice (Arendash et al, 2001; Trinchese et al, 2004) , and 3xTg-AD mice (Caccamo et al, 2011) , especially female 3xTg-AD mice (Clinton et al, 2007) ). Interestingly, human patients with AD and MCI (mild cognitive impairment, thought to be a prodrome of AD) (Petersen and Negash, 2008 ) also show deficits in humanized versions of the watermaze (Jheng and Pai, 2009; Laczo et al, 2010) .
Tg mice have Decreased CREB Activation Specifically in the CA1 Region of Dorsal Hippocampus
Spatial memory in both humans (Feigenbaum and Morris, 2004; Parslow et al, 2005; Quiroga et al, 2005) and rodents (Jarrard, 1978; O'Keefe and Nadel, 1978; Nadel and McDonald, 1980; McNaughton et al, 1989) critically depends on the hippocampus. Furthermore, intact CREB function in the dorsal hippocampus, particularly in the CA1 region, is both necessary and sufficient for spatial memory formation in rodents (Guzowski and McGaugh, 1997; Pittenger et al, 2002; Sekeres et al, 2010) . We hypothesized that disrupted CREB activity in this region could underlie the spatial memory deficits observed in the Tg mice. Therefore, we examined the levels of activated CREB (CREB that is phosphorylated at Ser133, pCREB) in Tg and WT littermate mice following three different behavioral treatments that induce varying levels of CREB activation in WT mice. Specifically, low pCREB levels are observed in WT mice taken directly from the homecage (Han et al, 2007) , whereas higher levels are observed following novel context exploration (Vianna et al, 2000) or watermaze testing (Mizuno et al, 2002; Porte et al, 2008) . We found that Tg mice had fewer pCREB + neurons in the CA1 region of dorsal hippocampus than WT mice across all three behavioral treatments (Figures 1d and e) The decrease in CREB activation in Tg mice was restricted to the CA1 region of dorsal hippocampus. There was no difference in pCREB levels in either the CA3 (Figure 1f We next asked whether Tg mice have lower overall levels of total CREB protein (both phosphorylated and non-phosphorylated CREB; tCREB). In contrast to the deficit in activated CREB, Tg mice showed normal levels of total CREB in the CA1 region. For instance, following novel context exploration we observed no decrease in tCREB levels in Tg mice using either immunohistochemistry (Figures S1c and S1d) or western blot analysis (Figures 1g  and h ; significant effects of Genotype Â CREB (tCREB, pCREB) (F 1,6 ¼ 18.04; po0.001), Genotype (F 1,6 ¼ 7.58; po0.05), and CREB (F 1,6 ¼ 15.34; po0.001). Post hoc comparisons confirmed that while tCREB levels did not differ, Tg mice had lower pCREB levels than WT mice). Interestingly, human brains from patients with AD also have disrupted CREB activation (Yamamoto-Sasaki et al, 1999; Satoh et al, 2009 ).
Locally and Acutely Increasing CREB Specifically in the CA1 Region of Dorsal Hippocampus Rescued the Spatial Memory Deficits in Tg Mice
We next examined whether increasing CREB function specifically in the CA1 region of dorsal hippocampus is sufficient to rescue the spatial memory deficits observed in Tg mice. We locally and acutely increased CREB function using replication-defective herpes simplex viral (HSV) vectors. We used HSV because, unlike many other viruses, HSV is naturally neurotropic (Fink et al, 1996) . To increase CREB levels and function, we microinjected HSV encoding WT CREB (CREB vector). To visualize infected neurons, we fused CREB with GFP. HSV encoding GFP alone (GFP vector) served as a control. Tg and WT mice were microinjected with CREB or GFP vector 1 day before watermaze training. Vector microinjections produced robust bilateral transgene expression that was largely confined to the CA1 region of dorsal hippocampus (Figure 2a, Supplementary  Figure S7) .
Microinjecting CREB vector into the CA1 region of dorsal hippocampus not only restored normal CREB activity (Supplementary Figure S4) but also rescued the profound spatial memory deficits observed in Tg mice (Supplementary Figures 2b, 2c, and S2) . Specifically, while Tg mice with GFP vector failed to search selectively in the target zone, Tg mice with CREB vector searched selectively in the target zone, showing a similar preference as their WT littermates (significant effects of Group Â Zone (F 3,51 ¼ 4.59; po0.001), Group (F 3,51 ¼ 8.59; po0.001), and Zone (F 1,34 ¼ 64.95; po0.001); post hoc comparisons confirmed that Tg-GFP mice showed no preference for T zone, but that Tg-CREB mice searched selectively in T zone. An ANOVA specifically comparing time spent in T zone between the groups supports this conclusion (F 3,51 ¼ 6.48; po0.001). Post hoc comparisons verified that Tg-CREB mice and WT mice did not differ in time spent in T zone, while Tg-GFP mice spent significantly less time in T zone). Therefore, acutely restoring CREB function specifically in the CA1 region of dorsal hippocampus was sufficient to normalize spatial memory formation in Tg mice.
Acutely Increasing CREB Function in the CA1 Region of Dorsal Hippocampus of Tg Mice Rescued the Impairment in Hippocampal Neuronal Network Activity that may be Important for Spatial Memory
In agreement with the deficits in the ability to form a spatial memory, Tg mice also have disrupted activity in hippocampal neuronal networks that may be important for spatial memory. To investigate whether acutely increasing CREB levels and function also normalized this hippocampal neuronal network activity, we used catFISH to examine mRNA levels for the activity-dependent gene arc (activityregulated cytoskeleton-associated protein; also known as Arg3.1). The similarities in the circuit dynamics between arc transcription and place cell firing (Guzowski et al, 1999; Vazdarjanova and Guzowski, 2004) , suggest that this is a reliable method for assessing hippocampal cellular activity that reflects spatial information processing (Guzowski et al, 1999) . As arc mRNA is localized to the nucleus 5-15 min following neuronal activity (Guzowski et al, 1999) , we removed the brains of mice 5 min following the watermaze probe test. Neurons with arc signal localized to the nucleus (indicating neurons that were activated by the probe test) were designated as 'Arc + '. Importantly, in WT mice, training and testing in the watermaze increases the percentage of Arc + nuclei in the CA1 region of dorsal hippocampus (compared with WT mice taken directly from the homecage; Figure 2d ; F 1,30 ¼ 141.99; po0.001).
Following the watermaze probe test, Tg mice with GFP vector showed fewer Arc + nuclei than WT mice (with either GFP or CREB vector) (Figure 2e) . Indeed, Tg mice with GFP vector that were trained and tested in the watermaze showed similarly low levels of Arc + nuclei to WT mice taken directly from the homecage (Figure 2d ). However, microinjecting CREB vector restored arc levels in Tg mice to levels observed in trained WT mice (Figure 2e ; F 3,21 ¼ 11.51; po0.001, post hoc analysis confirms that only Tg-GFP mice show lower arc levels compared with WT mice (with either GFP or CREB vector)). Therefore, acutely increasing CREB levels in the CA1 region of dorsal hippocampus of Tg mice restored hippocampal neuronal network activity that may be important for spatial memory formation.
The Rescue of the Spatial Memory Deficit Produced by Increasing CREB in Tg Mice was Anatomically Specific
The rescue of the spatial memory deficit in Tg mice produced by microinjection of CREB vector was anatomically Figure 2 Acutely increasing CREB function in the CA1 region of dorsal hippocampus rescued the deficits in both spatial memory and hippocampal neuronal network activity in Tg mice. (a) Robust, localized transgene expression (GFP, green) following microinjection of CREB or GFP vectors into the CA1 region of dorsal hippocampus. Sections are counterstained with DAPI (blue). Low (right) and high (left) power examples of brains microinjected with GFP vector. (b) Microinjecting CREB vector into the CA1 region of dorsal hippocampus rescued the spatial memory deficit in Tg mice. Tg mice with GFP vector (Tg-GFP, n ¼ 14) show impaired spatial memory compared with WT littermates microinjected with GFP (n ¼ 16) or CREB (n ¼ 14) vector (WT mice spent more time in T zone compared with O zones of the pool (indicating the formation of spatial memory) whereas Tg-GFP mice did not search selectively in T zone). However, microinjecting CREB vector into the CA1 region of dorsal hippocampus rescued the memory deficit in Tg mice (Tg-CREB (n ¼ 11) mice spent equivalent time in T zone as WT mice). (c) Density plot for grouped data showing where WT and Tg mice microinjected with GFP or CREB vectors concentrated their searches during the probe test. The platform was located in the southeast area of the pool (dotted circle) during training. Color scale represents time spent per mouse per 5 Â 5 cm 2 area of the pool. As can be observed in this plot, WT mice (with GFP or CREB vector) concentrated their searches near the former platform location whereas Tg mice with GFP vector do not. Importantly, Tg mice microinjected with CREB vector performed similarly to WT mice. (d) In WT mice, training and testing in the watermaze increases the percent of recently active neurons in the CA1 region of dorsal hippocampus. WT mice trained and tested in the watermaze (WM) showed more Arc + nuclei in the CA1 region of dorsal hippocampus than WT mice taken directly from the homecage (HC) (n ¼ 4 for each group). (e) Microinjecting CREB vector rescues the deficit in hippocampal network activity in Tg mice. Following the watermaze probe test, Tg mice with GFP vector (n ¼ 4) have fewer Arc + nuclei in the CA1 region than similarly treated WT mice with GFP (n ¼ 7) or CREB (n ¼ 7) vector. Indeed, low level of Arc + nuclei in Tg-GFP mice trained and tested in the watermaze was similar to WT mice taken directly from the homecage (d). However, Tg mice with CREB vector (n ¼ 7) showed equivalent Arc + levels to WT mice trained and tested in the watermaze. The color reproduction of this figure is available at the Neuropsychopharmacology journal online.
specific. Similar microinjection of CREB vector into the DG (Figure 3a) failed to reverse the impairment of spatial memory in Tg mice (Figures 3b and c , Supplementary Figure S3 ; Group (WT-DG-CREB, WT-CA1-CREB, Tg-DG-CREB, and Tg-CA1-CREB) Â Zone ANOVA revealed a significant interaction (F 3,36 ¼ 7.98; po0.001), as well as main effects of Group (F 3,36 ¼ 9.96; po0.001) and Zone (F 1,36 ¼ 65.59; po0.001). Post hoc comparisons showed that all groups, except Tg mice with CREB vector microinjected into DG, searched selectively in T zone. An ANOVA specifically comparing time spent in the T zone between groups confirms this interpretation (F 3,36 ¼ 10.82; po0.001)). Therefore, acutely increasing CREB levels in the CA1 region of dorsal hippocampus, but not in DG, was sufficient to rescue the spatial memory deficit normally observed in this mouse model of AD.
The Rescue of the Spatial Memory Deficit Produced by Increasing CREB in the CA1 Region of Dorsal Hippocampus was Behaviorally Specific
To further examine the specificity of the rescue of spatial memory produced by microinjecting CREB vector into the CA1 region of Tg mice, we similarly microinjected CREB vector into another line of mice that also show profound spatial memory deficits. It is well-established that alphacalcium calmodulin-dependent kinase II (aCaMKII) is critical for many forms of experience-dependent plasticity, including spatial memory formation (Silva et al, 1992; Lisman et al, 2002) . aCaMKII may directly or indirectly phosphorylate CREB and is essential for L-type Ca 2 + channel signaling to CREB (Takeda et al, 2007; Wheeler et al, 2008) . We used mice homozygous for a deletion in aCaMKII Exon 2 (aCaMKIID À/À , which results in a null mutation and the absence of aCaMKII protein (Elgersma et al, 2002) ). Importantly, in these mice the mutation in aCaMKII is present throughout the brain, rather than being limited to the CA1 region of dorsal hippocampus. Therefore, we hypothesized that the spatial memory deficits observed in these aCaMKIID À/À mutants would not be reversed by increasing CREB levels solely in the CA1 region of dorsal hippocampus.
Consistent with previous results (Elgersma et al, 2002) , we found that aCaMKIID À/À mice show spatial memory deficits in the watermaze (Figure 3d, Supplementary Figure S5) . Importantly, microinjecting CREB vector into the CA1 region of dorsal hippocampus did not reverse this deficit (Figures 3d and e mice failed to show a preference for T zone, regardless of vector microinjected, while WT mice showed a preference for T zone, regardless of vector. An ANOVA specifically comparing time spent in the T zone between groups confirmed this interpretation (F 3,32 ¼ 8.44; po0.001)). Therefore, increasing CREB levels in the CA1 region of dorsal hippocampus failed to restore the spatial memory deficits of mice with a brain-wide absence of aCaMKII protein. This finding contrasts the rescue produced by similar microinjection into Tg mice. Importantly, the disparate outcomes produced by microinjecting the same CREB vector indicate that increasing CREB function does not simply enhance nonspecific performance aspects of watermaze behavior (such as swimming, motivation to find the platform, and so on).
Increasing CREB Function in the CA1 Region of Dorsal Hippocampus did not Decrease Plaque Load in Tg Mice
To address the potential mechanisms by which CREB vector rescued the spatial memory deficit in Tg mice, we examined Ab plaque load. Consistent with previous reports (Chishti et al, 2001; Hyde et al, 2005) , we observed numerous Ab plaques in dorsal hippocampus and frontal cortex of un-operated Tg mice, but no plaques in WT littermates (Figures 4a and b) . Interestingly, microinjecting CREB vector into the CA1 region of dorsal hippocampus did not decrease the number of plaques in dorsal hippocampal (Figure 4c ; F 2,25 ¼ 0.28; p40.05) or frontal cortex (Figure 4d ; F 2,25 ¼ 1.23; p40.05) regions, compared with Tg mice without surgery. Similarly, the percent volume occupied by plaques in either dorsal hippocampus or frontal cortex of Tg mice was unaffected by CREB vector (Supplementary Figures S6a and S6b) . This result is consistent with reports that Ab plaque load does not correlate with cognitive function in people with AD (Katzman, 1988) . In addition, we observed no difference in the high levels of aggregated or monomeric Ab in the dorsal hippocampus of Tg mice microinjected with CREB vector compared with Tg mice microinjected with GFP vector or Tg mice without surgery (Supplementary Figures S6c and S6d) . Together, these results indicate that increasing CREB function in dorsal hippocampus does not alleviate the memory deficits in Tg mice by decreasing plaque load or levels of aggregated Ab.
Increasing CREB Function Increased Dendritic Complexity in CA1 Pyramidal Neurons in Tg Mice
Post-mortem studies of human AD brains show striking changes in dendritic architecture in hippocampal CA1 pyramidal neurons (Yamada et al, 1988; el Hachimi and Foncin, 1990; Ferrer and Gullotta, 1990) . Neurons from AD brains show both simplified dendritic architecture and decreased spine density suggesting that changes in neuronal morphology in this key brain region may cause the memory deficits of AD patients. Therefore, to examine whether Tg mice have an analogous deficit in neuronal morphology and whether CREB vector modulates this, we quantified dendritic complexity and spine density of CA1 pyramidal neurons infected by either CREB or GFP (p1005) vector (Figure 5a and b, Supplementary  Figure S8 ). CA1 pyramidal neurons from Tg mice have simplified dendritic trees along the basal dendrites. Interestingly, CREB vector fully restored this (Figure 5c ). Specifically, we observed fewer dendritic intersections in GFP-infected (control) neurons in Tg mice compared with WT mice (Tg-GFP vs WT-GFP neurons). CREB rescued this; the number of intersections in Tg-CREB neurons did not differ from WT-GFP neurons ((F 3,46 ¼ 19.49; po0.001) . Post hoc analyses confirmed that Tg mice had fewer dendritic intersections than WT mice, and that increasing CREB rescued this deficit in Tg neurons and further increased intersections in WT neurons).
Similar results were observed for dendritic length and the number of nodes along the basal dendrites of Tg CA1 pyramidal neurons. In particular, Tg mice had shorter basal dendrites that WT mice, a deficit that was reversed by CREB vector ((F 3,46 ¼ 23.93; po0.001) . Post hoc analyses showed that Tg-GFP dendrites were shorter than WT-GFP dendrites but that CREB restored length and further increased length in WT neurons). In addition, the decrease in nodes in Tg was also reversed by CREB vector ((F 3,46 ¼ 8.98; po0.001) . Post hoc analyses confirmed that Tg-GFP neurons had fewer nodes than WT-GFP neurons, but that the number of nodes was similar in Tg-CREB and WT-GFP neurons. CREB also increased nodes in WT mice). Therefore, using three measures of dendritic complexity, we observed that CA1 pyramidal neurons in Tg mice have simplified basal dendritic trees compared with WT mice. Importantly, CREB vector reversed this deficit in neuronal morphology in this critical brain region.
We observed more modest deficits in complexity along the apical dendrites of CA1 pyramidal neurons in Tg mice (Figure 5d ). Although Tg-GFP neurons were not statistically different from WT-GFP neurons in terms of intersections or number of nodes, we did observe a significant decrease in dendritic length in Tg neurons compared with WT neurons. Specifically, an ANOVA conducted on the number of intersections showed an overall significant difference between groups (F 3,46 ¼ 4.62; po0.001), but the crucial post hoc comparison revealed no statistical difference between the number of intersections in Tg-GFP compared with WT-GFP neurons (p40.05). A similar pattern was observed for nodes (although the overall difference between groups was significant (F 3,46 ¼ 13.14; po0.001), post hoc revealed no difference between Tg-GFP and WT-GFP neurons (p40.05)). Interestingly, we observed a statistically significant decrease in the length of apical dendrites in Tg-GFP vs WT-GFP neurons, and this effect was reversed by CREB vector ((F 3,46 ¼ 14.00; po0.001), post hoc analyses showed that Tg-GFP neurons were shorter than WT-GFP neurons, but that this was reversed by CREB vector and CREB also increased the length of WT neurons). Together, these data show that Tg mice have deficits in dendritic complexity, especially along the basal dendrites of CA1 pyramidal neurons, and that increasing CREB function restored normal morphology. Interestingly, using a similar analysis, human post-mortem AD brains also show a simplified dendritic tree along the basal dendrites of hippocampal CA1 neurons (Yamada et al, 1988) . Therefore, acutely increasing CREB function rescued a validated deficit in neuronal structure in a mouse model of AD.
Increasing CREB Function Restored Spine Density in CA1 Dorsal Hippocampal Neurons in Tg Mice
A decrease in synapse number, particularly in the CA1 region of the hippocampus (Scheff et al, 2007) , may better predict cognitive dysfunction in people with AD than either amyloid plaque or neurofibrillary tangle load (Terry et al, 1991; Lassmann et al, 1993; Coleman and Yao, 2003) . As the majority of excitatory synapses on hippocampal CA1 pyramidal neurons occur on dendritic spines (Megias et al, 2001) , we examined spine density in CA1 pyramidal neurons in Tg mice (Figures 5e-g ). Tg mice showed decreased spine density on basal dendrites of CA1 pyramidal neurons (Tg-GFP neurons had a 46% reduction in spine density compared with WT-GFP neurons). This deficit was rescued by CREB vector (Figure 5e ; F 3,46 ¼ 14.82; po0.001, post hoc tests indicate that Tg-GFP neurons have fewer spines than WT-GFP neurons, but that CREB vector reverses this effect, while having no effect on WT neurons). As spine morphology may reflect function (Nimchinsky et al, 2002) , we categorized spines into 'mushroom' and 'non-mushroom' classes. We observed a similar pattern of results for both mushroom and non-mushroom spines (data not shown). In contrast to the decrease in spine density along basal dendrites, Tg mice showed normal spine density along apical dendrites of CA1 neurons compared with WT mice (Figure 5g ). Furthermore, increasing CREB had no effect on spine density on the apical dendrites of Tg mice (F 3,46 ¼ 2.59; p40.05). In agreement with these findings, recent results from two additional mouse models of AD (Tg2576 and APP/Lo) showed decreased spine density along the basal (but not apical) dendrites of CA1 pyramidal neurons (Perez-Cruz et al, 2011) .
DISCUSSION
The core feature of AD is an impairment in memory. Previous studies clearly established that the transcription factor CREB is critical for normal memory formation in species ranging from Aplysia and Drosophila to rats and mice (Bourtchuladze et al, 1994; Yin et al, 1995; Guzowski and McGaugh, 1997; Bartsch et al, 1998) . Therefore, we examined the role of CREB in the memory deficits observed in a mouse model of AD. We used Tg mice and focused on the CA1 region of dorsal hippocampus because this region is among the first to exhibit pathology in humans with AD. We found that Tg mice exhibit a profound impairment in the ability to form a spatial memory, a task that critically relies on the dorsal hippocampus. Perhaps contributing to this memory deficit, we also observed deficits across multiple domains in the dorsal hippocampus of Tg mice, including (1) biochemistry (CREB activation), (2) neuronal structure (spine density and dendritic complexity of hippocampal CA1 pyramidal neurons), and (3) hippocampal neuronal network activity (arc mRNA levels following behavioral training). Moreover, locally and acutely increasing CREB function in the CA1 region of dorsal hippocampus of Tg mice was sufficient to restore function in each of these key domains (biochemistry, neuronal structure, network activity, and most importantly, memory formation). This rescue suggests that a disruption of dorsal hippocampal CREB function is at the heart of the memory deficits in this mouse model of AD. Interestingly, humans with AD also have poor spatial memory and navigation (Henderson et al, 1989; Pai and Jacobs, 2004; deIpolyi et al, 2007) and AD brains also have disrupted (1) CREB activation (Yamamoto-Sasaki et al, 1999; Satoh et al, 2009) , and (2) spine density and dendritic complexity in hippocampal CA1 pyramidal neurons (Yamada et al, 1988; el Hachimi and Foncin, 1990; Ferrer and Gullotta, 1990) . These parallel findings establish that Tg mice accurately model key aspects of human AD, and, furthermore, suggest that targeting CREB may be a useful therapeutic strategy in treating humans with AD. In these experiments, we assessed spatial memory 4 days following microinjection of CREB vector. To facilitate translation of these findings, it will be important to determine if more chronic increases in CREB function continue to produce similar beneficial effects on memory.
Tg mice showed deficits in both dorsal hippocampal CREB function and the ability to form a spatial memory. This is consistent with several previous findings that disrupting CREB function, specifically in the dorsal hippocampus, generally impairs the formation of spatial memory (Bourtchuladze et al, 1994; Guzowski and McGaugh, 1997; Pittenger et al, 2002) . The spatial memory deficit observed in Tg mice was rescued by increasing CREB function in the CA1 region of dorsal hippocampus, but not DG. Importantly, Tg mice have intact CREB function in the DG. Alternatively, this anatomical specificity may reflect the different characteristics and function of these hippocampal subregions. Although both the CA1 and DG are critical for spatial memory formation (Jarrard, 1978; O'Keefe and Nadel, 1978; Nadel and McDonald, 1980; Castro et al, 1989; McNaughton et al, 1989; Kesner et al, 2002; Nakazawa et al, 2004; Bartsch et al, 2010) , there are important differences. For instance, a smaller portion of DG neurons exhibit place fields (Jung and McNaughton, 1993; Leutgeb et al, 2007) or an increase in activity following spatial exploration (Chawla et al, 2005) or memory retrieval (Kee et al, 2007) compared with the CA1 region (O'Keefe, 1976; Guzowski et al, 1999) . These data are consistent with theoretical notions that the DG sparsely encodes information (Marr, 1971; McNaughton and Morris, 1987; Rolls, 1990) . Previous findings indicate that increasing CREB function increases neuronal excitability (Dong et al, 2006; Zhou et al, 2009) . Therefore, it could be that microinjecting CREB vector into the DG did not rescue the spatial memory deficits of Tg mice because increasing neuronal excitability in the DG added 'noise' to the sparse code of the DG.
The rescue of the spatial memory deficits in Tg mice was also behaviorally specific. In contrast to the effects observed in Tg mice, increasing CA1 CREB function rescued failed to rescue the spatial memory deficits observed in aCaMKIID À/À mutant mice. aCaMKIID À/À mice have a deletion of aCaMKII that is brain-wide (not limited to the CA1 region of dorsal hippocampus). This lack of rescue indicates that increasing CREB in the dorsal hippocampus does not simply enhance the general motivation or motor behavior necessary for good performance in the watermaze task.
Memory formation is thought to be mediated by changes in synaptic efficacy (Bain, 1873; Bailey and Kandel, 1993; Bailey et al, 1996) . As 490% of excitatory synapses in the hippocampus occur on dendritic spines (Harris and Stevens, 1989) , the growth and re-structuring of spines may serve an important physical substrate underlying spatial memory formation. Indeed the loss of synapses may be the best correlate of memory impairment in humans with AD (DeKosky and Scheff, 1990; Terry et al, 1991) . Similar to AD patients, we found that Tg mice have deficits in dendritic complexity and a decrease in spine density, especially along the basal dendrites of CA1 pyramidal neurons. Importantly, increasing CREB levels restored both deficits in Tg mice, suggesting that the restoration of normal neuronal morphology is critical for robust spatial memory formation.
The present finding that acutely increasing CREB function (only the order of days) increased dendritic complexity and spine density in Tg neurons is in agreement with previous results showing that CREB function is both necessary and sufficient for dendritic growth and arborization in hippocampal cultures (Wayman et al, 2006; Wayman et al, 2008) . Moreover, increasing CREB function for only 24h has previously been shown to increase spine density in CA1 pyramidal neurons (Marie et al, 2005) . It will be important to determine whether these changes in neuronal morphology are long lasting.
It is interesting to note that the observed deficits in dendritic complexity and spine density were greater in the basal dendrites of CA1 pyramidal neurons. Neuronal morphology along the apical dendrites was largely normal in Tg CA1 pyramidal neurons. There may be important anatomical and functional differences between basal and apical dendrites of CA1 pyramidal neurons. For instance, the basal dendrites preferentially receive projections from the contralateral CA3 region (Swanson et al, 1978; Ishizuka et al, 1990) . In addition, a diverse array of treatments specifically increases spine density on basal CA1 dendrites. For instance, similar to the present finding, environmental enrichment (Moser et al, 1994 (Moser et al, , 1997 , trace conditioning (Leuner et al, 2003) and context fear conditioning (Restivo et al, 2009 ) also increase spine density only on basal CA1 dendrites. These findings are consistent with the idea that basal dendritic synapses are more plastic than their apical counterparts (Kaibara and Leung, 1993) and, furthermore, suggest that a variety of manipulations increase spine density through a common mechanism, such as increasing CREB function.
Importantly, the present findings agree with, and extend, previous two key reports that three different treatments that may ultimately increase CREB function rescued the deficits observed in two AD mouse models. First, systemic administration of rolipram or UCh-L1 (ubiquitin carboxylterminal esterase L1) reversed the deficits in spine density (Smith et al, 2009 ) as well as a portion of the memory deficits (Gong et al, 2004; Gong et al, 2006) observed in APP/PS1 mice. Rolipram, a phosphodiesterase IV inhibitor, may increase CREB activation by preventing cAMP breakdown, which could lead to the activation of PKA and subsequent nuclear translocation of the catalytic subunits, where they may ultimately phosphorylate CREB. On the other hand, UCh-L1, a deubiquitinating enzyme, which removes ubiquitin from proteins that are destined to be metabolized via the proteasome pathway (Larsen et al, 1998) , may promote the breakdown of PKA regulatory subunits, increasing the catalytic activity of PKA, and subsequently lead to CREB phosphorylation. However, both rolipram and Uch-L1 are not specific for CREB and may have additional 'off-target' effects, including interactions with microtubules, ligase activity and the degradation of additional substrates of the ubiquitin proteasome system (rather than specifically targeting the regulatory subunits of PKA) (Fimia and Sassone-Corsi, 2001; Liu et al, 2002; Seino and Shibasaki, 2005; Bheda et al, 2010; Boudreaux et al, 2010) . Second, injection of lentivirus expressing CBP (CREB-binding protein) into the lateral ventricles of 6 month old 3xTg-AD mice rescued their spatial memory deficits (Caccamo et al, 2011) . At this age, 3xTg-AD mice do not exhibit Ab plaques, but do have high Ab levels and a sexually dimorphic impairment in spatial memory formation (with females performing worse than males in the watermaze) (Clinton et al, 2007) . Although named for its association with phosphorylated CREB (Chrivia et al, 1993) , CBP is promiscuous and acts as a transcriptional co-activator for many DNA-binding proteins and also associates with dozens of nonhistone nuclear proteins (McManus and Hendzel, 2001; Hosoda et al, 2009 ). Therefore, although rolipram, Uch-L1 and CBP may ultimately enhance CREB function, none of these treatments are specific for CREB. Furthermore, systemic or lateral ventricular administration of these agents may not directly target the key brain regions important in spatial memory formation.
In this study, we found that directly increasing CREB levels specifically in the CA1 region of dorsal hippocampus produced a near complete rescue of the spatial memory deficits in Tg mice. Our findings that CREB vector also reversed the deficits in neuronal morphology and neuronal network activity in Tg mice suggest a mechanism mediating this rescue. The present results are in contrast to the partial restoration of memory previously reported following systemic treatment of rolipram or UCh-L1 (Gong et al, 2004 (Gong et al, , 2006 . This suggests that the lack of complete rescue observed following rolipram or UCh-L1 may be due to 'off target' effects or the indirectness of these systemic treatments in terms molecules (CREB) or brain region (CA1 region of dorsal hippocampus). Nevertheless, all together, our current findings and previous reports show that the memory deficits observed in three different mouse models of AD were at least partially corrected using four diverse treatments that share a common property; these treatments increase CREB function. As a disruption of CREB function has been implicated in humans with AD (Yamamoto-Sasaki et al, 1999; Satoh et al, 2009) , these findings converge to suggest that similarly targeting CREB may restore some cognitive function in human AD patients.
